Using laser-induced fluorescence, measurements have been made of metastable argon-ion, Ar ϩ *(3d 4 F 7/2 ), velocity distributions on the major axis of an axisymmetric magnetic-mirror device whose plasma is sustained by helicon wave absorption. Within the mirror, these ions have sub-eV temperature and, at most, a subthermal axial drift. In the region outside the mirror coils, conditions are found where these ions have a field-parallel velocity above the acoustic speed, to an axial energy of ϳ30 eV, while the field-parallel ion temperature remains low. The supersonic Ar ϩ *(3d 4 F 7/2 ) are accelerated to one-third of their final energy within a short region in the plasma column, р1 cm, and continue to accelerate over the next 5 cm. Neutral-gas density strongly affects the supersonic Ar ϩ *(3d 4 F 7/2 ) density.
I. INTRODUCTION
Helicon wave 1 physics is important in diverse areas ranging from planetary plasmas to particle accelerators to materials-processing applications. The numerous applications, and the desire to understand the basic physics of helicon waves and the plasmas formed by them, have motivated extensive studies of helicon-wave propagation and absorption, with emphasis on the resulting electron energy distribution ͑EED͒. 2 Laboratory helicon experiments typically produce plasmas of density 10 10 -10 13 cm Ϫ3 with electron temperatures in the range 3-10 eV, 3 and ion temperatures below 0.5 eV. 4 Tenuous electron beams with energies up to ϳ100 eV have also been documented. 5 This paper reports on energetic ion beams formed during the expansion of a helicon plasma from a magnetic nozzle. Mechanisms responsible for an observed low-energy metastable-Ar-ion component in the expansion region are also discussed.
These results are especially relevant to a recently proposed application of helicon plasmas: generating intense, collimated, and sustained supersonic plasma streams for spacecraft propulsion, particularly to remote planets. 6 For propulsion, ion momentum is the relevant parameter. Previous helicon plasma experiments have shown, at most, ion flow at the ion thermal speed. [7] [8] [9] Consequently, some researchers consider auxiliary heating necessary to generate the higher ion energies ͑exhaust velocities͒ required for improved propulsion, 10 though the propulsion community has long been aware that ions in a plasma can be accelerated by electric fields created by ambipolar flow. 11 Since the 1960s it has been known that inhomogeneous magnetic fields, like the magnetic-mirror geometry, may create a directed supersonic plasma stream flowing out of the region of high field strength. An early study of Q-machine cesium plasmas expanding along a magnetic field of decreasing strength showed acceleration to 1.7ϫ10 5 cm/s over a distance of 50 cm. 12 These results were interpreted in terms of a ''magnetic Laval nozzle'' with isothermal particles. Ar ϩ expanding from ECR-created plasmas showed acceleration to 16 eV, attributed to a presheath in front of a metal platen. 13 Some subsequent Q-machines did not show supersonic flow, even with inhomogeneous magnetic fields, 14 while magnetized and unmagnetized Laval-nozzle-type plasma experiments in other configurations did. 15 Hall-effect magnetic nozzles have accelerated helium and hydrogen plasmas to velocities of order 10 7 cm/s in a distance of 20 cm. 16 In marked contrast, a Q-machine experiment in a doubleplasma-device ͑DPD͒ configuration, showed a thin doublelayer electrostatic structure with lower potential at the mirror point, implying rapid ion acceleration into the region of higher field strength. 17 Experiments on double layers in magnetized DPDs measured ion and electron energy distributions with gridded energy analyzers and Langmuir probes inserted into the plasma and found, even in the absence of a magnetic-field gradient, energetic ion beams attributed to spatially inhomogeneous and anisotropic EEDs. 18, 19 The EED may be quite different in the denser helicon plasmas than those in DPDs or Q-machines. Hence, it is possible that double layers or supersonic-Laval-nozzle conditions would not form in magnetic-mirror helicon plasmas or, if they do form, may be in a region not optimal for generating directed plasma exhaust streams. The present paper is the first to report on spatially resolved noninvasive measurements of supersonic ion flows created in helicon-wave-heated plasmas without the use of accelerator or auxiliary-heating techniques. These a͒ Electronic mail: scohen@pppl.gov b͒ studies include the parameter range pe / ce у1 in which double layers are uncommon 20 and also explore ranges of magnetic-field gradients and mirror ratios which might inhibit flow.
Our experiments rely on the laser-induced-fluorescence ͑LIF͒ technique for noninvasive and precise measurements of ion velocity distributions. 21 To measure velocity distributions by LIF, the laser frequency is tuned over a range corresponding to the Doppler-shifted line resonance of ions or atoms moving with velocity, v. A novel, inexpensive, lowpower ͑10 mW͒, tunable, solid-state diode-laser system is used.
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II. EXPERIMENTAL SETUP
The experiments were performed in the MagneticNozzle-Experimental facility ͑MNX͒, Fig. 1 . Steady-state argon plasma is formed by a helicon antenna of the doublesaddle type placed around a 4-cm-i.d., 30-cm-long Pyrex tube. The ϳ4-cm-diam plasma flows along the magnetic field formed by a Helmholtz-coil pair placed coaxially around the 45-cm-long, 20-cm-i.d., stainless-steel main chamber. The plasma exits the main chamber through the coaxial 2-cm-i.d., 3-cm-long nozzle coil used to control the field gradient and mirror ratio. Figure 1͑c͒ shows the axial field strength near the nozzle at a Helmholtz coil current of 50 A and nozzle current of 400 A, typical of experimental conditions in this paper.
Exiting the nozzle coil, the plasma enters a 10-cm-i.d., 100-cm-long Pyrex tube termed the expansion region ͑ER͒. The ER has 15 internal 4-cm-i.d. coaxial copper rings, of which eight may be electrically biased. Additionally there are three metal disks, labeled M1, M2, and M3 in Fig. 1͑a͒ , which may be electrically biased. ͑In the experiments described here, M1, M2, and M3 were left electrically floating. Biasing M1 had little effect on the plasmas or LIF results; connecting M2 or M3 to ground required more rf power input to sustain the plasma but had little effect on the LIF results.͒ The disk M2 has a 1-cm-i.d. hole which limits both the plasma and neutral gas flow into the ER. In the absense of plasma and in conjunction with the ER pump ͓P2, see Fig.  1͑a͔͒ , the low conductance of M2 maintains up to a ϫ10 lower pressure in the ER compared with the main chamber. Closing valves V2 and V1 allows controlled increase of the pressure in the ER. Pressures are measured in the main chamber and the ER by two capacitance manometers with accuracies of Ϯ0.1 and Ϯ0.001 mT, respectively.
At low Helmholtz fields, B H ϭ300-1200 G, MNX stably operates in the helicon mode over a wide range of mainchamber pressures, from 0.4 to above 30 mT, at rf powers from 200 to over 2000 W. For reasons that will be clear later, the results described herein were obtained near the lowest main-chamber pressure. The helicon antenna was operated at 26.75 MHz. Negligible rf is detected in the ER, because of efficient helicon absorption and because of M2. Langmuir probe spatial scans along LOS-P ͓see Fig. 1͑a͔͒ showed that the plasmas in the main chamber achieved ion densities up to ϳ2ϫ10 13 cm Ϫ3 and electron temperatures of 4 -9 eV. Probe characteristics showed the signature 5 of 50-100 eV electron beams in both the main and expansion chambers. ͓Probe measurements in the expansion chamber were along LOS-12, see Fig. 1͑b͒ .͔ The floating potentials of the copper rings in the ER were typically Ϫ40 to Ϫ120 V, further evidence for electron beams. ͑Biasing the rings to Ϯ40 V had negligible effect on the LIF results, all of which pertain to plasma on the MNX axis.͒ To permit measurement of the field-parallel Ar ϩ * velocity distribution in MNX, the elliptical-cross-section (5 mm ϫ1 mm) tunable diode-laser beam is directed along the MNX magnetic axis. Optics to collect the fluorescence emission are located on both the main chamber ͓two lines-ofsight, LOS, Fig. 1͑a͔͒ and in the expansion chamber ͓typi-cally 12 LOS, Fig. 1͑b͔͒ . One main-chamber LOS ͑LOS-P͒ collects photons from a segment of the plasma in the center of the chamber; the other, LOS-N, collects photons from the plasma near M2 and extending 1.2 cm back into the main chamber. Scanning optics on the ER allow LOS which intercept the laser beam from 1-cm from the nozzle-coil midplane to 12 cm from its midplane, as well as beyond, see z-axis in Fig. 1͑b͒ 23 The Zeeman effect from the Helmholtz and nozzle coil fields separates the 668.614 nm transition into six ϩ, six Ϫ, and six components. To reduce the complexity of the LIF spectrum and increase signal/noise ͑S/N͒, the linearly polarized laser beam may be passed through a quarter-wave plate ͑QWP͒, oriented to convert the beam into either right-or left-circularly polarized ͑RCP, LCP͒ light for exciting either the ϩ or Ϫ transitions. The ͑circularly polarized͒ laser beam is then modulated at ϳ4 kHz by a mechanical chopper, for lock-in detection of the 442.7 nm fluorescence. This LIF system operates well within the unsaturated mode wherein the LIF signal is proportional to the laser intensity and the 3d 4 F 7/2 metastable population in the detection volume, i.e., observation volumeപirradiation volume, that is in resonance with the laser. A single wavelength scan is usually limited to a mode-hop-free region of 0.021 nm ͑14 GHz͒ and is performed in ϳ60 s; 1000 data points are recorded. A set of observations of a single plasma condition typically includes scans over several adjacent wavelength regions in the range 668.580-668.660 nm, both with and without the QWP inserted. Using orthogonal QWP orientations allows the Zeeman splitting to be measured and the ͑unshifted͒ line center to be identified. The laser wavelength is measured with two Burleigh wavemeters, one accurate to Ϯ0.001 nm, the other to Ϯ0.0001 nm. Figure 2 shows a set of four LIF amplitude vs wavelength ͑frequency͒ scans at LOS-1 in the ER. Two were over the range 668.603-668.624 nm and two for 668.625-668.646 nm, Ϯ0.001 nm. ͑0 GHz on the abscissa corresponds to 668.614 nm, i.e., the unshifted line.͒ For each pair in each wavelength range, the QWP was used, first to create a RCP beam, then a LCP beam. The experimental conditions were: absorbed helicon power P f ϭ830 W; LOS zϭ1 cm; B H ϭ600 G; B N ϭ625 G; ER pressure p ER ϳ0.15 mTorr; and main chamber pressure p M ϳ0.6 mTorr. Langmuir probes showed the on-axis electron density and temperature to be 6Ϯ2ϫ10 12 cm Ϫ3 and 7.0Ϯ0.2 eV in the main chamber and 2.6Ϯ0.4ϫ10 10 cm Ϫ3 and 9.3Ϯ0.3 eV at zϭ10 cm in the ER. Note that ␤ϵ8͚ jϭi,e n j kT j /B 2 Ӷ1. Each LIF scan shows a peak. The two prominent peaks separated by Ϯ1.4 GHz from 0 GHz are the ϩ and Ϫ Zeeman components of cool (T i,ʈ ϳ0.2 eV) Ar ϩ *(3d 4 F 7/2 ). The 12 separate Zeeman components, whose amplitudes and spacing are shown in the figure, are not resolved due to Doppler broadening and magnetic-field variation over the spatial extent of the detection volume. These two peaks centered about the unshifted 3d 4 F 7/2 -4p 4 D 5/2 transition are termed the low energy peaks ͑LEP͒.
III. RESULTS AND DISCUSSION
Two additional peaks are seen in the redder part of the spectrum, at Doppler shifts of Ϫ8 to Ϫ20 GHz. The center of this pair of peaks is at Ϫ13.5 GHz, corresponding to an axial energy of 17Ϯ2 eV. These peaks are referred to as the high energy peaks ͑HEP͒. The HEP show a tail on their low energy side.
The the magnetic field. Ions of the latter type may gain energy if there is a potential difference between locations. Deexcitation of the metastables-also called quenching-by collisions with neutrals 24 may occur. Two-step processes may also contribute to the Ar ϩ *(3d 4 F 7/2 ) population but are generally less important than the processes named above.
We shall now present evidence that the HEP is due to Ar ϩ *(3d 4 F 7/2 ) formed within a few mm of the M2/nozzle in the main chamber and accelerated through the nozzle and that the LEP is due to ionization of background neutral gas by plasma electrons in the ER.
If the plasma in the expansion region were due solely to plasma bound to field lines and directly flowing out the nozzle, then the LEP and HEP amplitudes would decrease with increasing z because of field expansion. As shown in Fig. 3 , the HEP amplitude-actually the area under the HEP peak from Eϭ6 to 40 eV-does decrease with distance but the LEP amplitude ͑the height of LEP peak͒ grows with increasing distance from the nozzle. This is the first piece of evidence that the the LEP is not simply plasma directly flowing from the nozzle. ͑The operating conditions were similar to those of Fig. 2 : absorbed helicon power P f ϭ900 W; B H ϭ575 G; B N ϭ1400 G; p ER ϭ0.135 mTorr; and p M ϭ0.5 mTorr.) The energy of the HEP peak, E HEP , also shown in Fig. 3 , increases with increasing z. Close to the nozzle the energy is about 11 eV; at the farthest position with adequate S/N to measure E HEP accurately, zϳ5.5 cm, E HEP reaches 30 eV, corresponding to a Mach number of about 2 for T e ϭ7 eV, the bulk electron temperature in the main chamber.
In the Laval-nozzle picture, ions would attain the sound speed ͱT e /m i -corresponding to an axial energy of 3.5
eV-at the nozzle throat and a maximum energy at infinite expansion of ␥T e /(␥Ϫ1)ϭ17.5 eV for a polytropic coefficient ␥ϭ5/3. Note that at zϭ5.5 cm, the magnetic expansion is only a factor of 3 from the nozzle throat. The data clearly show greater ion acceleration near the nozzle than the simple Laval-nozzle model predicts. The continuing increase in ion energy with z is in qualitative agreement with the prediction of Ref. 11, based on an ambipolar-flow, thermal-conduction model. Quantitative agreement with Ref. 11 for the ratio of final ion energy to upstream electron temperature can be achieved by selecting the location of transition to supersonic flow to be at z ϳ1 cm. The MNX data do not show the axial decrease of electron temperature predicted by this thermal-conduction model. Spatial scans for 400р P H р1200 W and 300рB H р1200 G showed similar results, that the HEP amplitude falls and E HEP rises with z. The parallel ion temperature, estimated from the LIF full width at half height, also rises with z. LEP spatial scans show a more complex behavior whose discussion is deferred to a later paper.
LIF measurements in the main chamber, along LOS-P and LOS-N, only showed a clear LEP, never a HEP. The ion temperatures were in the ranges 0.04 -0.12 eV for T i,ʈ and 0.05-0.5 eV for T i,Ќ . The axial drift of the Ar ϩ *(3d 4 F 7/2 ) in the main chamber was small, comparable or less than the ion thermal speed. We conclude that the HEP is due to ions accelerated during their passage through the nozzle. Later we shall note why the bulk ions in the main chamber do not necessarily have the same negligible drift velocity as the metastable ions.
To understand the behavior of the HEP amplitude (A HEP ) vs z, it is necessary to include ͑at least͒ effects of magnetic field expansion, ion-energy gain with z, and Ar ϩ *(3d 4 F 7/2 ) collisions with the background neutral gas. To address these, ER gas pressure, p ER , and nozzle-coil field strength, B N , were changed and characteristics of HEP and LEP in the ER were measured. For the same Helmholtz field as in Fig. 3 but only 440 W of helicon power, Fig. 4 shows that the LEP brightness at zϭ2 cm grows linearly with p ER in the range 0.2-2 mTorr ͑at constant p M ), consistent with a picture that the low energy Ar ϩ *(3d 4 F 7/2 ) are created by ionization of the neutrals in the ER. In contrast, the HEP decreases exponentially with pressure, with a 1/e characteristic fall-off at pressure increments of ␦p e ϭ0.274 mTorr. Assuming the neutrals are in thermal equilibrium with the wall because of the low pressure, ␦p e yields a collisional quenching-crosssection of the metastable state Q m ϭ515Ϯ100 Å 2 , about a factor of 2 larger than that measured for the metastable state Ar ϩ *(3d 2 G 9/2 ) at 0.1-5 eV. 24 ͑Perhaps it is more proper to call our measurement an effective-quenching-cross-section because collisions with neutrals might also cause radial transport, or collisions with electrons might cause quenching, both resulting in an attendant decrease in LIF signal.͒ We then calculate the predicted HEP amplitude as a function of z assuming the Ar ϩ *(3d 4 F 7/2 ) remains on field lines and including Q m and the measured z-dependence of E HEP , i.e., the field strength at a point z. As shown in Fig. 3 , the predicted result decreases less rapidly with distance than does the measured LIF amplitude. Possible causes for the discrepancy are radial transport, 25 though not that caused by collisions with neutrals, and quenching by electron impact. ͑Low-␤, axisymmetric plasmas are expected to follow field lines.͒ The observed continuing ion acceleration with increasing z is qualitatively as predicted by several groups. 11, 26 The final result reported in this paper is the effect of the nozzle field on the metastable ions in the ER. Figure 5 shows the behavior of HEP and LEP vs the nozzle field strength.
The experimental conditions are: B H ϭ1200 G; absorbed helicon power P f ϭ450 W; LOS zϭ2 cm; low ER pressure 0.15рp ER р0.2 mTorr; high ER pressure 0.72рp ER р0.85 mTorr; and main chamber pressure p M ϳ0.8 mTorr. Ranges of p ER are given because p ER increases when the nozzle-coil current is increased, apparently channeling more plasma into the ER. Though increased magnetic-mirror ratio at the nozzle coil might be expected to reduce the flux through the nozzle coil, this is not the case. We note that the 4-cm-diam of the plasma column in the main chamber is wide compared to the 1-cm-diam M2 orifice and that ions in the main chamber are collisional; both these facts act against decreased ion transmission at higher mirror ratios. The amplitudes of the HEP at both low and high pressure increase approximately proportional to the magnetic flux through the nozzle coil. The LEP at low pressure also increases linearly with nozzle field strength. The percentage increase in LEP amplitude can be explained by two effects: the increase in p ER due to the nozzle coil and, more importantly, the increase in plasma density ͑both thermal electron and beam electron densities͒ in the ER. Discussion of the LEP behavior at high pressure is deferred to a later paper.
For the low-pressure nozzle-field scan, the HEP S/N was sufficient to allow precise measurements of energy. After an initial drop of 6%, E HEP stays nearly constant as the nozzle field is increased at a factor of 5. At zero nozzle current, the mirror point is at zϭϪ10 cm ͓see Fig. 1͑c͔͒ , while at higher currents it moves to zϭ0 cm. If the ion acceleration to above 11 eV occurred at the mirror point, then we would expect appreciable quenching at zero nozzle current, because of the 0.8 mTorr pressure in the main chamber and the 12-cm distance to the detection volume. Thus these data localize the region of the HEP energy gain closer to M2 than to the position of the mirror point.
From the low value of ion temperature in the main chamber and the lack of increased ion energy at higher nozzle fields, it is seen that both the ion acceleration in the nozzle and their continuing parallel acceleration in the 5 cm beyond the nozzle are not due to ion pressure or magneticmoment conservation, but to an axial electric field. The more abundant thermal electrons seem a more likely source for the electric field than beam electrons, based on the maximimum observed E HEP Ϸ4T e . The short length of the M2/nozzle ionacceleration region, р1 cm, leads us to suggest that a double layer exists there. 27 The boundary between the mainchamber plasma and the expansion-region plasma is established by metal plate, M2, rather than by the throat of the nozzle magnetic field. The near-nozzle/M2 electric field should cause cold electrons created in the ER to flow back into the main chamber. We estimate that drag created by such electrons would have little effect on the HEP ions.
For the experiments reported here, the helicon was typically operated at p M ϳ0.5 mTorr and a resultant neutralinduced collisional quenching mean-free-path for the 3d 4 F 7/2 metastable state of n, * р1 cm. Operation of helicon discharges at higher pressures, above 2 mTorr, results in n, * р few mm. At these higher pressures, LIF may be less applicable to the diagnosis of certain phenomena, e.g., accel- shown. The absolute value of energy is uncertain to Ϯ2 eV; the relative value to Ϯ0.4 eV. The plasma conditions were P f ϭ450 W, B H ϭ1200 G, and LOS zϭ2 cm. eration in a nozzle or perhaps ion heating, which might take place over distances larger than a few mm. An axial electric field might exist in the main chamber, accelerating ions towards the orifice in M2. Metastables, however, are quenched by collisions with neutrals in the main chamber and never show this early energy gain. Bulk ions, predominantly in the ground state, may have this feature.
The highest argon ion energy observed in the expansion region, E HEP ϭ30 eV, corresponds to a specific impulse, I sp (ϵv/g, where gϭ9.8 m/s 2 ) of 1100 s, about a factor of 3 lower than the minimum considered desirable for remoteplanet missions. Methods to increase I sp might include the aforementioned auxiliary heating or use of a lower mass propellant. Once the requisite I sp threshold is crossed, additional technical issues must be addressed, e.g., energy efficiency, propellant utilization efficiency, and engine reliability and lifetime, for helicon-heated plasmas in a magnetic-nozzle geometry to be suitable for the proposed ambitious use.
IV. SUMMARY
We have found operating conditions for axisymmetric magnetic-mirror-geometry argon helicon discharges which generate supersonic metastable-ion flow though an orifice on the magnetic axis. The metastable argon ion energy increases sharply at the orifice and then continues to increase to ϳ4ϫ the electron temperature in the main discharge. The parallel ion temperature remains low, р2 eV. For a small orifice/plasma-diameter ratio, the supersonic metastable-ion beam intensity grows with magnetic flux through the orifice. A population of low energy, р0.5 eV, slowly flowing metastable ions is found in the expansion region. If the neutral pressure is allowed to rise above 10 Ϫ4 Torr, the low-energy metastable-ion population grows considerably while the supersonic metastable ion density falls.
